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SUMMARY 


An  investigation  of  two-dimensional,  subsonic,  linear  wind  tunnel  interference  using 
the  computer  program  TSFOIL  as  a  "numerical  tunnel"  has  been  carried  out  for  solid, 
open,  porous  and  slotted  walls.  The  use  of  a  computer  code  rather  than  physical  experiment 
has  the  advantage  that  test  parameters  such  as  wall  characteristics  and  model  chord  can 
be  varied  widely  at  low  cost. 

The  aim  of  the  investigation  was  to  determine  the  relative  merits  of  the  various  walls 
and  to  establish  the  limits  of  applicability  of  linear  interference  theory.  The  most  favourable 
wall  type  was  found  to  be  an  ideal  slotted  wall  with  the  slot  parameter  appropriate  for  zero 
solid  blockage  (F  —  1-1844).  For  this  wall  type  linear  interference  theory  accurately 
predicted  lift  and  pitching  moment  corrections  for  tunnel  height  to  chord  ratios  greater 
than  2  and  supersonic  region  height  to  tunnel  height  ratios  less  than  0  ■  2. 
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ABSTRACT 


An  investigation  of  two-dimensional,  subsonic,  linear  wind  tunnel  interference 
using  the  computer  program  TSFOIL  as  a  "numerical  tunnel''  has  been  carried  out 
for  solid,  open,  porous  and  slotted  walls.  The  use  of  a  computer  code  rather  than  physical 
experiment  has  the  advantage  that  test  parameters  such  as  wall  characteristics  and 
mode!  chord  can  be  varied  widely  at  low  cost. 

The  aim  of  the  investigation  was  to  determine  the  relative  merits  of  the  various  walls 
and  to  establish  the  limits  of  applicability  of  linear  interference  theory.  The  most  favourable 
wall  type  was  found  to  be  an  ideal  slotted  wall  with  the  slot  parameter  appropriate  for 
zero  solid  blockage  ( F  I  -  IH44).  For  this  wall  type  linear  interference  theory  accurately 
predicted  lift  and  pitching  moment  corrections  for  tunnel  height  to  chord  ratios  greater 
than  2  and  supersonic  region  height  to  tunnel  height  ratios  less  than  0  ■  2. 
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NOTATION 


a  Tunnel  wall  slot  width 

A  Cross-sectional  area  of  model 

c  Model  chord 

Ci  Lift  coefficient  =  Lift jlpU-S 

Cra  Pitching  moment  coefficient  =  Pitching  moment  about  cl4lkpU2Sc 

Co  Drag  coefficient  —  Drag! \pU2S 

Cp  Pressure  coefficient  (local  pressure— free  stream  static  pressure)/}p{/2 

F  Non-dimensional  wind  tunnel  slot  parameter  —  In  cosec 

7 tIi 

Ii  Tunnel  height 

M  Mach  number 

P  Porosity  factor 

s  Distance  between  slot  centres 

.S  Model  area  (chord  .  span) 

t  Model  thickness 

U  Free  stream  velocity 

a  Model  incidence 

P  \  l  -  M  - 

P  Free  stream  density 

Subscript 

c  corrected  values 


1.  INTRODUCTION 


During  the  last  15  years  there  have  been  very  rapid  advances  in  the  numerical  calculations 
of  fluid  flows  and  this  has  raised  questions  regarding  the  future  role  of  wind  tunnels  for  aero¬ 
dynamic  testing.  However,  the  very  extensive  review  of  computation  and  tunnel  testing  presented 
in  Reference  1  concludes  that  “For  the  foreseeable  future  computers  and  wind  tunnels  will  be 
complementary". 

An  example  of  this  complementary  relationship  can  be  seen  in  the  current  development  of 
self  streamlining  tunnels2  where  a  computer  is  used  to  modify  the  test  section  walls  so  that  they 
resemble  streamlines  in  an  uncontined  flow  thus  reducing  wall  interference.  At  the  present  rate 
of  development  the  first  production  tunnel  to  use  self  streamlining  walls  would  seem  to  be  some 
years  away.  Even  when  the  technology  is  proved  many  smaller  tunnels  will  probably  not  be 
fitted  with  self  streamlining  walls  due  to  the  expense  of  the  computer  and  wall  modifying  system 
required.  In  view  of  the  probable  slow  rate  of  construction  of  self  streamlining  tunnels  it  is  worth¬ 
while  considering  ways  in  which  modern  developments  in  numerical  fluid  mechanics  can  be 
used  to  support  the  operation  of  existing  conventional  facilities. 

Since  the  I1) 30s  low-speed  wind  tunnels  have  used  corrections  based  on  linear  theory2  to 
account  for  the  effects  of  tunnel  wall  interference  in  closed  or  open  jet  test  sections.  Following 
the  introduction  of  transonic  wind  tunnels  with  slotted  or  porous  test  sections,  linear  interference 
theory  was  extended3  to  include  these  wall  types.  Over  the  years  a  considerable  body  of  empirical 
knowledge  has  been  built  up  concerning  the  accuracy  and  limits  of  applicability  of  linear  inter¬ 
ference  theory.  However,  particularly  at  high  subsonic  and  transonic  speeds,  there  are  still 
many  uncertainties  in  the  use  of  the  theory. 

In  this  Note  an  investigation  into  the  accuracy  and  limitations  of  linear  interference  theory 
using  the  two-dimensional,  transonic  small  disturbance  computer  program  TSFOIL4'5  is 
presented.  The  use  of  a  computer  code  rather  than  physical  experiment  has  the  major  advantage 
that  the  test  parameters  (e.g.  model  chord,  wall  open  area  ratio)  can  be  varied  much  more 
widely  than  would  otherwise  be  practical.  The  absence  of  viscous  effects  in  the  computation  also 
removes  one  of  the  variables  which  tends  to  obscure  wall  interference  effects  in  physical 
experiments. 


2.  DESCRIPTION  OF  METHOD 

The  basic  method  adopted  for  this  investigation  was  as  follows:  For  a  particular  aerofoil 
section,  Mach  number  and  incidence  the  free  air  lift,  drag  and  pitching  moment  coefficients 
were  calculated  using  TSFOIL.  For  the  same  nominal  test  conditions  and  a  selected  tunnel 
wall  type,  calculations  of  aerofoil  characteristics  over  a  range  of  h,  c  ratios  were  carried  out. 
The  errors  introduced  by  the  tunnel  walls  were  obtained  by  comparing  the  tunnel  and  free  air 
computed  values  of  C i.  and  Cm.  On  values  were  not  used  in  the  comparison  for  reasons  discussed 
in  the  next  section.  The  simulated  tunnel  results  were  then  corrected  to  the  equivalent  free  air 
values  using  linear  subsonic  interference  theory.  Free  air  computations  were  then  carried  out  at 
the  corrected  values  of*  and  M  for  each  of  the  tunnel  cases.  The  residual  errors  in  the  corrected 
results  were  obtained  by  comparing  the  corrected  tunnel  computed  values  with  the  free  air 
values  calculated  at  the  corrected  values  of  *  and  M. 

The  Ci,  errors  are  presented  as  a  percentage  since  in  this  form  their  magnitude  is  most  readily 
appreciated.  The  Cm  errors  are  presented  as  absolute  values  since  a  percentage  presentation  is 
not  easily  understood  when  the  reference  magnitude  of  the  variable  (and  also  its  sign)  varies 
widely. 

Aerofoil  sections  (>"„  and  I2"„  thick  were  used  since  they  are  near  the  limits  of  thickness 
chord  ratio  of  major  current  interest.  The  computations  were  carried  out  at  low  angles  of  incidence 
(mostly  at  2  I  since  the  small  disturbance  approximations  used  in  TSFOIL  would  give  increasing 
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errors  at  higher  angles.  The  use  of  low  angles  of  incidence  also  ensured  that  both  blockage  and 
lift  interference  effects  were  significant  so  an  assessment  of  all  aspects  of  the  linear  interference 
theory  could  be  carried  out  without  requiring  the  compulation  of  an  excessive  number  of  cases. 

For  the  above  procedure  to  give  a  reliable  indication  of  the  accuracy  of  linear  interference 
theory  it  is  necessary  that  TSFOIL  be  considerably  more  accurate  than  the  interference  theory 
being  assessed.  There  is  strong  evidence  available  to  indicate  that  this  condition  is  met.  TSFOIL 
uses  a  mathematical  formulation  of  a  considerably  higher  order  of  approximation  to  the  full 
equations  of  motion  than  does  the  linear  interference  theory.  Comparisons  between  TSFOIL 
computations  and  the  results  of  experiments  and  other  computational  methods4  give  con¬ 
siderable  confidence  in  the  ability  of  the  code  to  accurately  predict  unconstrained  free  air  results. 
Although  there  is  little  direct  evidence  of  the  accuracy  of  TSFOIL  in  predicting  constrained 
tunnel  results,  the  nature  of  the  program  and  the  way  in  which  the  boundary  conditions  are 
applied  strongly  suggests  that  tunnel  results  will  have  the  same  order  of  accuracy  as  free  air 
results. 

Some  problems  with  convergence  and  subcritical  drag  prediction  were  experienced  with 
TSFOIL  during  this  investigation.  However,  it  is  considered  that  these  problems  do  not  affect 
the  accuracy  of  the  overall  conclusions. 

A  listing  of  all  computed  results  is  included  in  the  Appendix. 


2.1  Computer  Program 

The  program  TSFOIL  was  chosen  for  this  investigation  since  it  was  a  readily  available 
(a  listing  appears  in  Reference  5)  well  proven  code  which  included  tunnel  wall  conditions.  A 
number  of  more  accurate  and  efficient  programs  are  available  for  the  calculation  of  free  air  aero¬ 
foil  flows  (e.g.  Ref.  6)  but  since  they  are  all  solved  in  a  transformed  plane  rather  than  in  the 
physical  plane  the  application  of  tunnel  wall  boundary  conditions  is  much  more  difficult. 

The  computational  grid  included  in  the  program  extended  from  I  075c  upstream  of  the 
aerofoil  leading  edge  to  0-875r  downstream  of  the  trailing  edge.  To  produce  a  more  realistic 
test  section  length  for  tunnel  simulation  the  grid  was  extended  to  4 -575c  upstream  of  the  leading 
edge  and  4 -375c  downstream  of  the  trailing  edge.  To  achieve  this  grid  extension  the  values 
-4-575.  4-075.  3-575.  3-075.  2-575.  2-075.  1-575.  -1-325.  2-125.  2-375. 

2-875,  3-375,  3-875.  4-375.  4-875  and  5-375  were  added  to  the  array  XKRUPP  and  the  variable 
IMAX1  was  increased  to  93.  Both  these  changes  were  made  in  the  block  data  subprogram.  The 
extended  grid  was  also  used  for  all  free  air  calculations.  This  grid  extension  slightly  reduced  the 
rate  of  convergence  and  most  cases  required  from  15  to  20  minutes  on  the  ARL  DEC  system  10 
computer. 

When  convergence  was  not  obtained  after  750  iterations  on  the  line  grid  the  computation 
was  terminated  and  the  trends  of  Ct.  and  Cm  examined.  If  they  had  settled  to  constant  values 
they  were  used  and  if  not  the  computation  was  discarded. 

The  drag  coefficients  calculated  by  TSFOIL  were  viewed  with  caution  since  some  sub- 
critical  (and  therefore  hopefully  drag  free)  computations  produced  significant  drag  values.  Due 
to  this  problem,  drag  coefficients  were  not  used  in  the  interference  comparisons.  However,  the 
computed  supercritical  drag  coefficients  were  used  as  inputs  to  the  interference  correction  scheme 
described  in  the  next  section.  It  was  considered  that  this  was  more  desirable  than  simply  omitting 
the  blockage  correction  due  to  wave  drag.  For  subcritical  eases  a  drag  coefficient  of  zero  was  used 
in  the  correction  scheme. 


2.2  Linear  Interference  Theory 


The  linear  interference  theory  presented  in  Reference  3.  and  more  recently,  with  corrections, 
in  References  7  and  8  was  used  to  correct  the  simulated  tunnel  results.  A  concise  summary  of  the 
correction  scheme  as  used  in  this  investigation  is  presented  below  : 


I/, 


m (i  (i  o  : 


The  values  of  the  parameters  8»,  8|.  If,  and  !1,  used  for  the  various  tunnel  conditions  considered 
in  this  investigation  are  presented  in  the  following  table.  The  values  were  obtained  from  Refer- 
renees  7  and  8. 


Wall  type 

^0 

8i 

1>S 

iiw 

Solid 

0 

01309 

1  0 

1  0 

Open  jet 

0-25 

0-2618 

0  5 

0 

Porous  t  o’  P 

0  78) 

0- 144 

0 

-0-23 

0  42 

Slotted  (F 

1  •  59) 

0 

0 

0-078 

0 

Slotted  (F 

1-1844) 

0 

0-025 

0 

0 

The  downwash  parameter  80  for  the  slotted  walls  was  set  at  zero  instead  of  the  finite  values 
given  in  References  7  and  8  because  the  downwash  term  ^  introduced  by  Wright9  was 


not  included  in  the  boundary  conditions  used  in  TSh'OIL.  The  zero  value  of  &a  exactly  cancels 
the  effect  of  the  missing  downwash  term  and  the  accuracy  of  the  error  comparisons  is  not 
affected. 


3.  RESULTS  AND  DISCUSSION 
3.1  Solid  Walls 

The  first  tunnel  type  studied  was  the  simple  solid  wall  test  section.  This  is  a  case  of  consider¬ 
able  practical  importance  since  many  low-speed  tests  are  conducted  in  sold  wall  tunnels.  The 
mathematical  formulation  of  the  boundary  conditions  for  these  walls  is  quite  straightforward 
and.  apart  from  a  small  discrepancy  due  to  tunnel  wall  boundary  layers,  the  theoretical  predic¬ 
tions  should  give  a  good  indication  of  the  real  interference  effects  observed  in  tunnel  tests. 

A  series  of  calculations  were  carried  out  on  NACA  0006.  NACA  0012  and  1 2  symmetrical 
parabolic  aerofoils  t  a  Mach  number  of  0 ■  55.  This  Mach  number  was  selected  because  compres¬ 
sibility  effects  would  be  significant  but  the  simple  compressibility  corrections  used  in  the  linear 
interference  theory  should  adequately  account  for  them.  A  comparison  of  uncorrected  and 
corrected  Ci,  errors  for  the  above  cases  is  presented  in  Figure  I.  From  this  ligure  it  can  be  seen 
that  both  the  uncorrcctcd  and  corrected  G,  errors  form  approximately  universal  curves  when 
plotted  against  li!c.  An  h'c  value  of  about  3  appears  to  be  a  useful  lower  limit  if  the  corrected 
Ci,  values  are  to  be  accurate  to  I  Corrected  and  uncorrcctcd  Cm  errors  are  plotted  in  Figure  2. 
The  corrected  errors  again  fall  on  an  approximately  universal  curve  and  a  minimum  safe  value 
for  h/c  from  a  Cm  point  of  view  appears  to  be  about  2-5.  It  is  interesting  to  note  that  practical 
experience8  suggests  a  minimum  practical  h  c  value  of  about  2-9. 

It  is  evident  from  Figure  2  that  the  h'c  8  pitching  moment  results  arc  in  error.  This  error 
was  even  more  marked  when  computations  were  attempted  at  larger  h  e  values.  This  problem 
is  thought  to  be  due  to  the  computational  grid  used  in  TSFOIL.  A  constant  number  of  grid  points 
was  used  irrespective  of  the  h  e  value,  and  as  h  e  was  increased  the  grid  was  linearly  stretched 
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normal  to  the  How  direction.  For  large  lie  the  grid  becomes  excessively  sparse  near  the  model 
and  errors  occur  particularly  near  the  leading  edge  velocity  peak.  The  Cm  results  are  a  much  more 
sensitive  indicator  of  such  errors  than  the  Ci.  results. 

In  Figures  3  and  4  calculated  pressure  distributions  for  the  NACA  0006  in  a  solid  wall 
tunnel  with  h  e  3  and  1.  and  in  free  air  at  nominal  and  corrected  conditions  are  presented. 
In  interpreting  these  pressure  distributions  it  should  be  remembered  that  blockage  interference 
effectively  changes  the  Ct>  scale,  lift  interference  produces  a  differential  change  in  upper  and  lower 
surface  C-,'<  near  the  leading  edge  and  stream  curvature  alters  the  variation  of  the  loading  along 
the  chord.  To  facilitate  comparison  between  the  tunnel  and  corrected  condition  free  air  results 
the  tunnel  pressure  distributions  have  been  corrected  for  blockage.  Any  blockage  effects  evident 
in  Figures  .1  and  4  are  therefore  due  to  additional  blockage  not  predicted  by  linear  interference 
theory.  From  Figures  3  and  4  it  can  be  seen  that  similar  general  effects  occur  for  correctable 
(hie  -  31  and  uncorrectable  (h  e  I)  conditions  although  they  are  greatly  exaggerated  in  the 
latter  case.  The  effect  of  stream  curvature  is  clearly  evident  in  both  figures,  the  tunnel  pressure 
distribution  showing  less  loading  forward  and  more  loading  aft  than  the  free  air  pressure  distri¬ 
bution  at  the  corrected  conditions.  These  differences  in  pressure  distribution  should  be  cancelled 


by  the  linear  interference  theory  correction  terms 


Ci.  and 


8, 


Ci,  being 


TT  S  1  / 

2  ' 

applied  to  Ci.  and  Cm  respectively.  It  is  interesting  to  note  that  the  solid  tunnel  walls  have  the 
greatest  influence  on  the  suction  side  pressure  distribution  and  the  application  of  corrections 
actually  degrades  the  agreement  between  the  lower  surface  tunnel  and  free  air  pressure 
distributions. 

Linear  interference  theory  is  only  strictly  applicable  to  subcritical  flows.  However, 
experience*  has  shown  that  it  can  also  give  useful  results  when  applied  to  slightly  supercritical 
flows.  In  an  attempt  to  establish  some  quantitative  guideline  to  the  limits  of  applicability  of  the 
linear  theory  a  series  of  supercritical  flows  were  computed.  The  Ci.  and  Cm  errors  obtained  from 
these  calculations  are  presented  in  Figures  5  and  6.  From  these  figures  it  can  be  seen  that. unlike 
the  subcritical  results,  no  universal  relationship  between  error  and  h  e  is  evident  and  the  minimum 
acceptable  h  e  varies  widely.  In  an  effort  to  obtain  sonic  collapse  of  the  scattered  results  shown 
in  Figures  5  and  6  the  v  ariation  of  corrected  Ci.  and  C„,  errors  w  ith  a  number  of  parameters  was 
investigated.  The  most  useful  correlating  parameter  from  a  practical  point  of  view  which  was 
discovered  was  i*,,,,,.  h  (where  maximum  height  of  supersonic  region  on  aerofoil).  The 

value  of  t'soni.-  in  actual  tunnel  tests  could  be  obtained  from  sidewall  pressure  measurements  or 
optical  flow  visualisation.  The  plots  of  corrected  C i.  and  C  m  errors  i  sonic  h  presented 

in  Figure  7  show  considerable  scatter  but  nevertheless  provide  some  quantitative  guidance  as 
to  acceptable  supersonic  region  si/e.  From  Figure  7  it  appears  that  for  accurate  results  with  a 
high  confidence  level  rMmtr/7t  should  not  exceed  about  0  04.  It  should  be  noted  that  for  very 
slightly  supercritical  conditions  the  subcritical  limitation  li  e  >  3  0  and  not  the  limitation 
Xsonlr'h  0  04  will  govern  the  maximum  model  si/e. 

A  typical  solid  wall  supercritical  pressure  distribution  along  with  nominal  and  corrected 
condition  free  air  results  are  plotted  in  Figure  8.  To  facilitate  comparisons  the  solid  wall  distri¬ 
bution  has  been  corrected  for  blockage.  The  most  obvious  effect  of  soild  wall  interference  is  the 
rearward  shift  of  the  upper  surface  shock  wave.  As  for  the  subcritical  results  the  lower  surface 
pressure  distribution  is  comparatively  insensitive  to  solid  wall  interference. 


3.2  Open  Jet 

Open  jet  wind  tunnels  were  common  in  the  early  days  of  experimental  aerodynamics  but  are 
now  mainly  used  for  non-lifting  bluff  body  tests  where  their  theoretical  zero  wake  blockage 
characteristics1’  arc  attractive.  However,  since  some  lifting  aerofoil  tests  arc  conducted  in  open 
jet  tunnels  they  will  be  studied  briefly  here.  The  mathematical  formulation  of  the  open  jet  boun¬ 
dary  conditions  is  straightforward  and  the  predictions  of  linear  interference  theory  would  be 
expected  to  apply  quite  well  in  practice.  It  should  be  noted  that  the  linear  theory  assumes  equal 
pressures  on  the  uppei  and  lower  jet  boundaries  while  some  tunnel  arrangements  cause  a  pressure 
difference  to  be  set  up  when  the  jet  is  deflected  by  a  lifting  model.'1  Any  such  pressure  difference 
would  significantly  reduce  the  accuracy  of  linear  interference  theory. 
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Preliminary  calculations  using  the  open  jet  option  (BCTYPE  3)5  in  TSFOIL  showed 
that  the  downwash  at  the  model  location  was  not  correctly  represented.  All  open  jet  calculations 
were  therefore  carried  out  using  the  porous  wall  option  (BCTYPE  -  5)  with  the  porosity  P  set 
at  105.  This  porosity  gives  pressure  coefficients  very  close  to  zero  along  the  jet  boundaries. 

In  Figures  9  and  10  the  lift  and  pitching  moment  coefficient  errors  for  some  subcritica!  and 
supercritical  computations  in  an  open  jet  are  presented.  Some  indication  of  the  relative  perfor¬ 
mance  of  solid  wall  and  open  jet  test  sections  can  be  obtained  by  comparing  Figures  9  and  10 
with  Figures  1,  2,  5  and  6.  It  should  be  remembered  that  this  comparison  favours  the  open  jet 
for  supercritical  cases,  since  as  the  test  section  height  is  reduced  the  corrected  Mach  number 
is  reduced  for  an  open  jet  and  increased  for  a  closed  tunnel.  The  most  obvious  difference  between 
the  two  tunnel  types  is  that  for  tunnel  heights  in  the  commonly  used  range  (3  ^  h/c  $  8)  the 
open  jet  gives  considerably  greater  lift  coefficient  errors  before  and  after  correction.  A  detailed 
examination  of  the  cases  computed  failed  to  reveal  any  example  where  an  open  jet  gave  superior 
results  to  a  closed  solid  wall  tunnel. 

At  higher  angles  of  attack  a  further  problem  would  arise  in  that  the  large  jet  deflections  caused 
by  the  model  would  lead  to  a  breakdown  of  the  assumptions  implicit  in  the  linear  interference 
theory.  The  magnitude  of  this  jet  deflection  can  be  illustrated  by  considering  the  case  of  a  NACA 
0006  aerofoil  with  a  —  2‘  ,  M  0  -55  and  /»/<•  3  in  an  open  jet.  The  corrected  model  incidence 

is  1  -0677°,  the  stream  direction  4 -575c  upstream  from  the  model  is  0  and  3 -875c  dowstream 
from  the  model  it  is  —  1  -445  ’.  It  can  be  seen  that  for  this  quite  practical  hjc  value  the  jet  deflection 
is  considerably  greater  than  the  flow  incidence  experienced  by  the  model. 

Subcritical  and  supercritical  pressure  distributions  for  an  open  jet  with  free  air  distributions 
for  comparison  are  plotted  in  Figures  II  and  12.  As  for  all  previous  pressure  distributions  the 
open  jet  curves  have  been  corrected  for  blockage.  The  effect  of  the  large  incidence  correction  is 
illustrated  by  the  considerable  difference  between  the  nominal  condition  free  air  and  corrected 
condition  free  air  results.  The  open  jet  results  clearly  show  the  effect  of  stream  curvature  of  the 
opposite  sign  to  that  experienced  in  a  solid  wall  tunnel.  It  is  interesting  to  note  that  in  contrast 
to  a  solid  wall  tunnel  (Fig.  8)  the  open  jet  docs  not  produce  an  upper  surface  shock  displacement 
from  the  corrected  free  air  location  (Fig.  12). 


3.3  Porous  Wall 

Since  the  1950s  perforated  walls,  which  are  usually  considered  to  present  a  homogeneous 
porous  boundary,  have  been  widely  used  in  transonic  wind  tunnels.  They  are  particularly 
valuable  at  low  supersonic  speeds  where  it  is  desired  to  prevent  the  reflection  of  incident  shock 
waves.  There  is  some  indication  that  the  homogeneous  porous  wall  boundary  condition 
Sp  =  pUwnjP  (where  8,,  —  pressure  drop  across  wall  and  n'„  velocity  normal  to  wall)  used  in 
linear  interference  theory  is  not  a  particularly  accurate  model  of  the  real  perforated  wall  boun¬ 
dary  condition.  There  is  evidence  to  suggest  that  the  effective  local  porosity  of  the  wall  depends 
on  the  local  Mach  number  and  whether  the  flow  is  into  or  out  of  the  test  section.  Despite  this 
uncertainty  linear  interference  theory  is  applied  to  perforated  wall  tunnels  with  some  success. 

Linear  theory  indicates  that  with  a  suitable  selection  of  P  it  is  possible  to  achieve  zero  down- 
wash  or  zero  stream  curvature  or  zero  blockage.  Unfortunately  these  three  desirable  conditions 
occur  for  different  values  of  P  and  can  not  be  achieved  simultaneously.  It  was  hoped  that  flow 
computations  for  each  conditions  would  indicate  which  was  the  most  desirable  to  aim  for  in 
practice.  The  condition  of  zero  downwash  occurs  for  P  0  which  is  identical  to  the  solid  wall 
boundary  considered  in  Section  3.1.  Zero  stream  curvature  is  predicted  when  PIP  0-78  and 
zero  blockage  when  PIP  1-278.  It  should  be  noted  that  the  porosity  appears  in  the  form 
P/P  in  the  interference  theory  so  P  has  to  be  changed  with  the  tunnel  Mach  number  if  a  given 
interference  condition  is  to  be  maintained. 

Unfortunately  for  values  of  P  leading  to  zero  stream  curvature  or  zero  blockage  TSFOIL 
showed  a  marked  disinclination  to  converge  while  for  higher  or  lower  values  of  P  it  converged 
readily.  Eventually  by  altering  the  pseudo-time  coefficient  EPS  three  converged  cases  were 
obtained  for  subcritical  zero  stream  curvature  flow.  It  was  not  found  possible  to  compute  any 
supercritical  or  zero  blockage  cases. 

The  lift  and  pit  hing  moment  rors  for  the  three  converged  cases  arc  plotted  in  Figure  13. 
Comparing  these  re  —ith  t'  .  irlier  solid  wall  (Figs  I  and  2)  and  open  jet  (Figs..  9  and  10) 


5 


results  it  can  be  seen  that  the  corrected  lift  coefficient  errors  for  the  porous  walls  lie  between 
those  for  the  two  earlier  wall  types.  The  corrected  pitching  moment  coefficient  errors  for  the 
porous  wall  are  greater  than  those  obtained  for  the  earlier  wall  types.  An  example  of  porous 
wall  and  comparative  free  air  pressure  distributions  is  presented  in  f  igure  14. 

3.4  Slotted  W  alls 

Slotted  walls  have  been  widely  used  in  transonic  wind  tunnels  since  the  original  develop¬ 
ment  of  these  facilities  in  the  early  1950s.  They  give  inferior  incident  shock  cancellation  to 
perforated  walls  at  supersonic  speeds  but  are  generally  considered  to  be  preferable  from  an 
interference  point  of  view  at  subsonic  speeds.  In  linear  interference  theory  slotted  walls  are 
characterised  by  a  geometric  parameter  Fund  the  cross  How  resistance  or  porosity  P  This  general 
slotted  wall  boundary  condition  is  not  incorporated  in  TSFOIL  and  only  the  inviscid  P  x 
condition  is  available.  Despite  this  limitation  it  was  considered  that  a  theoretical  investigation 
of  slotted  wall  interference  would  provide  a  valuable  guide  for  real  tunnel  wall  design. 

As  for  the  porous  wall  discussed  previously,  linear  theory  indicates  that  zero  downvvash, 
zero  stream  curvature  and  zero  solid  blockage  can  be  achieved  in  slotted  tunnels  for  various 
values  of  /•'.  Zero  downvvash  occurs  for  /  x  which  corresponds  to  the  solid  wall  considered 
in  Section  3.1.  To  determine  which  of  the  two  remaining  slotted  wall  conditions  was  most 
favourable,  comparative  computations  were  carried  out  on  a  subcritical  and  a  supercritical  test 
case  for  F  1  59  (zero  stream  curvature)  and  /  I  ■  1844  (zero  solid  blockage).  The  results  of 
this  comparison  are  plotted  in  Figures  15  and  16.  from  these  two  figures  it  is  evident  that  before 
correction  the  zero  stream  curvature  results  show  lower  errors  than  the  zero  solid  blockage 
results  and  after  correction  the  positions  are  rev  ersed.  On  the  basis  of  this  result  the  zero  blockage 
(F  I  •  1844)  wall  ty  pe  was  considered  to  be  superior  and  was  investigated  in  more  detail. 

In  Figures  17  and  18  the  lift  and  pitching  moment  errors  for  a  range  of  subcritical  and  super¬ 
critical  test  cases  with  F  1  •  1844  are  plotted.  From  these  two  figures  it  appears  that  this  wall 
condition  is  better  than  any  of  those  considered  previously  in  this  Note.  For  subcritical  flow 
near  zero  corrected  C \.  and  Cm  errors  are  obtained  for  It  e  >  2.  All  the  supercritical  flows 
showed  acceptable  corrected  ft.  errors  for  he  >  3.  Two  highly  supercritical  test  cases  (with 
supersonic  region  height  chord  ratios  of  0-55  and  I  - 35  for  the  NACA  0006.  *  3  .  5/  0-75 

and  the  NACA  0012.  *  2.3/  0-78  respectively)  required  a  minimum  h  e  ratio  of  4  for 

reasonably  small  corrected  Cm  errors  (Fig.  18).  The  correlation  factor  (sonic  region  height 
tunnel  height)  used  with  the  solid  wall  results  also  produces  some  collapse  of  the  scattered  errors 
apparent  in  Figures  17  and  18.  The  results  of  this  correlation  are  presented  in  Figure  19.  A 
comparison  between  Figures  7  and  19  clearly  shows  the  advantage  of  the  F  I  1844  slotted 
walls  over  the  solid  walls  for  supercritical  tests.  To  obtain  a  Ci.  error  after  correction  of  less  than 
1  -5",,  the  value  of  for  the  slotted  walls  must  be  less  than  0-2  whereas  for  a  solid  wall 

tunnel  .tsonii-.A  must  be  less  than  about  0  06  for  the  same  error. 

Two  slotted  wall  pressure  distributions  with  comparative  free  air  results  are  plotted  in 
Figures  20  and  21.  These  two  figures  show  that  despite  the  small  h  e  values,  the  tunnel  and 
corrected  condition  free  air  results  arc  very  similar.  None  of  the  three  types  of  interference 
(downwash,  stream  curvature  or  blockage)  appear  to  dominate  and  the  supercritical  case  does 
not  show  a  significant  shock  displacement. 

Taken  overall  the  zero  blockage  ideal  (inviscid)  slotted  wall  appears  most  attractive  for 
subsonic  and  transonic  (3/  <  I)  aerofoil  tests.  It  would  seem  well  worthwhile  to  investigate 
methods  of  reducing  viscous  effects  for  slotted  walls  to  see  how  closely  the  excellent  theoretical 
performance  could  be  approached  in  practice. 

4.  CONCLUSION 

The  solid  wall  investigation  showed  that,  for  subcritical  test  conditions,  linear  interference 
theory  gave  very  accurate  results  for  h  e  >  3.  For  supercritical  tests  linear  theory  proved  less 
successful  and  the  supersonic  region  height  h  ratio  had  to  be  less  than  about  0  04  if  results  of 
high  accuracy  were  required.  Solid  tunnel  walls  are  not  really  suitable  for  supercritical  or  near 
critical  aerofoil  tests  since,  due  to  the  solid  blockage  interference,  the  model  supersonic  region 
can  rapidly  grow  to  an  excessive  size  as  the  Mach  number  of  incidence  is  increased 
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The  open  jet  investigation  revealed  very  much  greater  corrected  lift  errors  than  those  found 
with  solid  walls.  Interference  theory  appeared  to  work  better  at  higher  Mach  numbers  than  low 
ones  but  this  is  regarded  as  purely  fortuitous  and  not  as  a  good  reason  for  using  an  open  jet 
tunnel  for  high  transonic  tests.  It  is  suggested  that  the  use  of  an  open  jet  test  section  would  only 
be  justified  for  bluff  body  tests  where  a  very  large  wake  was  expected.  Under  these  conditions 
the  theoretically  zero  wake  blockage  of  an  open  jet  could  be  an  advantage. 

The  investigation  of  porous  walls  was  severely  limited  by  convergence  problems  with 
TSFOIL.  Insufficient  cases  were  successfully  computed  to  reach  any  positive  conclusions. 
However,  the  results  obtained  suggest  that  the  interference  in  a  porous  tunnel  is  part  way  between 
that  of  a  solid  wall  and  open  jet.  It  is  tentatively  suggested  that  porous  walls  should  only  be  used 
where  shock  wave  cancellation  is  important. 

A  preliminary  investigation  into  ideal  slotted  walls  indicated  that  the  zero  blockage  wall 
configuration  (F  1-1844)  gave  smaller  corrected  lift  and  pitching  moment  errors  than  the 
zero  stream  curvature  wall  (/-'  1 >1)).  Further  investigations  of  the  zero  blockage  wall  showed 

that  linear  interference  theory  gave  good  results  for  h  < ■  ^  2  and  supersonic  region  height  h 
ratios  less  than  about  0-2.  The  above  observations  indicate  that  model  sizes  somewhat  larger 
than  customary  may  be  possible  in  slotted  wall  tunnels. 

An  investigation  of  real  slotted  tunnel  walls  would  be  valuable  to  find  how  nearly  the  ideal 
(inviscid)  predictions  discussed  here  can  be  realised  in  practice.  If  real  slotted  walls  with  cross 
flow  resistance  were  found  (as  appears  probable)  to  have  significantly  inferior  characteristics  to 
ideal  slotted  walls,  it  would  be  worthwhile  investigating  methods  of  reducing  slot  viscous  effects. 
It  is  tentatively  suggested  that  some  form  of  boundary  layer  control  in  the  slots  may  be  effective. 
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FIG.  1  LIFT  COEFFICIENT  ERROR,  SOLID  WALL,  M  =  0.55 
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FIG.  2  PITCHING  MOMENT  COEFFICIENT  ERROR,  SOLID  WALL,  M  =  0.55 
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FIG.  4  PRESSURE  DISTRIBUTIONS  -  NACA  0006  SOLID  WALLS  AND  FREE  AIR 
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FIG.  6  PITCHING  MOMENT  COEFFICIENT  ERROR,  SOLID  WALL,  SUPERCRITICAL  M 


FIG.  7  CORRELATION  OF  SUPERCRITICAL  SOLID  WALL  INTERFERENCE 
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FIG.  12  PRESSURE  DISTRIBUTIONS  -  NACA  0006  OPEN  JET  AND  FREE  AIR 
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FIG.  13  LIFT  AND  PITCHING  MOMENT  COEFFICIENT  ERRORS 
POROUS  WALL  0/p  =  0.78 


OD+X 


+  NACA  0006,  a  =  2°,  M  =  0.55,  F 

X  NACA  0006,  a  =  2°,  M  =  0.55,  F 

□  NACA  0006,  a  =  2°,  M  =  0.75,  F 

O  NACA  0006,  a  =  2°,  M  =  0.75,  F 


1.59 

1.1844 

1.59 

1.1844 


FIG.  15  LIFT  COEFFICIENT  ERROR,  SLOTTED  WALL 
F  =  1.59  AND  F  =  1.1844 
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FIG.  16  PITCHING  MOMENT  COEFFICIENT  ERROR,  SLOTTED  WALL 
F  =  1.59  AND  F  =  1.1844 
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FIG.  17  LIFT  COEFFICIENT  ERROR,  SLOTTED  WALL  F  =  1.1844 
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FIG.  18  PITCHING  MOMENT  COEFFICIENT  ERROR,  SLOTTED  WALL 
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FIG.  19  CORRELATION  OF  SUPERCRITICAL  SLOTTED  WALL 
(F  =  1.1844)  INTERFERENCE 
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FIG.  20  PRESSURE  DISTRIBUTIONS  -  NACA  0006 
SLOTTED  WALLS  <F  =  1.18441  AND  FREE  AIR 
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